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ABSTRACT 


Significant alternations of the 33 7932 ratio. in 
the biological sulphur cycle in nature have been observed 


with a number of organisms. 


Jn this thesis, reduction of sulphite by Salmonella 
has been studied. This study differs from previous investi- 
gations in that the genus is enteric and has its normal 


Debio Within animal hosts. 


its ferneral study in which the initial conditions 
of the media were unaltered, enrichments of g3° in the 
product Hos over the substrate sulphite of as high as 3.4 
per cent have been observed with various species of Salmonella. 
Under anaerobic conditions, the reduction rates were higher 
than aerobically. The isotope fractionation obtained 


anaerobically was usually higher than aerobically. 


Continuous feeding experiments provided more 
conclusive results concerning the dependence of the isotope 


fractionation on reduction rate. 
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of as high as 1.04 were realized with Salmonella heidelberg 
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in the continuous experiments. In any given reduction, 
the rate reasonably obeys first order reaction kinetics: 
The isotope fractionation is found to be inversely 
proportional to the rate of reduction in agreement with 
Similar observations made by workers with other micro- 


organisms. 
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INTRODUCTION 


General 


At the turn of the century investigations of the 
radiations emitted from radioactive substances indicated 
that pairs of inseparable atomic species existed with 
Supposedly identical chemical properties. For example 
the existence of "Ionium" which was chemically similar to 
thorium was reported in 1906 by Boltwood (1,2). Soddy (3) 
found many other examples and in 1910 named those species 
Vine, were Chemically similar but difrerent in tneir 
radioactive properties, "isotopes". Isotopes are in fact 
different nuclear forms of the same element and occupy 
the same place in the periodic table. Isotopes for the 
elements of low atomic weight were first demonstrated by 
J,.0, Thomeon (4) in 1913 with his positive ray parabola 
apparatus when he identified two of the three stable 


isotopes of neon (Ne20 and Ne@*), 


Aston (5,6,7) and Dempster (8,9,10) subsequently 
made abundance determinations of the isotopes of a large 
number of elements with their mass spectrographs. Isotopes 
of some of the elements (carbon, nitrogen, oxygen) were 
found. by optical spectroscopy, (King and Birge pa pe 


Giaque and Johnston (12), Naude (13) and Urey et al (14)). 
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Since the pioneer work of Aston and Dempster many refinements 
have been introduced into isotope analyses so that the 

masses of isotopes can be determined to eight significant 
figures and differences in isotopic abundance ratios of 


O.Ol per cent can be detected. 


Equilibrium Isotope Effects 


Attempts to separate the isotopes by chemical 
methods initially were unsuccessful and so it was felt 
that isotopes of an element were identical chemically. 
This concept changed with the discovery of deuterium by 
Urey et al (14) in 1931. In-view of the fact that 
deuterium has twice the mass of protium it seemed unreason- 
abdeathadt theyeshouldebes identical. in thedrechemical 


behaviour, 


Theoretical calculations based on statistical 
mechanics for the equilibrium constant at different 


temperatures for the isotope exchange reaction: 


He + Ds eee 88, 


were made by Rittenberg and Urey (15) in 1934. It was 
found that the equilibrium constants differ from unity 
indicating differences in chemical behaviour of che 


hydrogen isotopes. Similar studies by Farkas and Farkas (16) 
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were made for the hydrogen-water exchange reaction. The 
agreement between theoretical predictions and experimental 
results was good. Urey and Grieff (17) worked out the 
equilibrium constants for isotopic exchange of many of 

the lighter elements. (Boron, Carbon, Oxygen, Nitrogen 
and Chlorine). These calculations predicted equilibrium 
isotope effects of as high as 10 per cent for reactions 
involving these isotopes. The data for many isotope 


effects have been summarized by Urey (18). 


Kinetic Isotope Effects 


The discovery of deuterium also led investigators 


o 


mh 


to carry out experiments to show the existence 
Kinetic “isotope effects i.e. different rates of reaction 
for isotopic atoms and molecules. Partially electrolysed 
water was shown by Washburn and Urey (19) in 1932 to be 
richer in deuterium since protium was evolved faster at the 
Cecniode. This process was later used.tor .~he. senaration 

of hydrogen isotopes. Eyring (20) in 1933 pointed out 

that the greater zero-point vibrational energy of the 


lighter isotopic bonds, caused them to rupture, more.readily. 


Bach et al (21) showed that the rate of reaction 
of protium with bromine was over three times faster than 


that of deuterium with bromine. Similar results with the 
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photochemical reaction of hydrogen and deuterium with 
chlorine were reported by Farkas and Farkas (22) in 1934. 
Reviews of kinetic isotope effects with hydrogen have been 


given by Urey and Teal (23) and Eidinoff (24). 


Kinetic isotope effects for elements other than 
hydrogen were not reported until 1949. Lindsay et al (25) 
investigated the decomposition of oxalic acid and found 
that oie bonds rupture more readily than those of cts, 
Since then kinetic isotope effects of the order of 1 to 
10 per cent have been reported for the elements oxygen, 
nitrogen, sulphur (see review article by McMullen and 
Thode (26)), selenium (Krouse and Thode (27)), and germanium 
(Brown and Krouse (28)). An important aspect of the work 


in kinetic isotope effects is its use in understanding 


various reaction mechanisms. 


Variations of Isotope Abundances in Nature 


Many of the isotope fractionations realized in 
laboratory reactions have also been found to occur in 
nature. “Hméleus et albe(29)-found—the-density: of natural 
water samples to vary with geographical location. This 
variance was attributed to variations in the isotopic 
composition of hydrogen. Oxygen isotopes (Dole (30,31)) 


and carbon isotopes (Nier and Gulbransen (32) and Murphy 
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and Nier (33)) were also found to vary in their abundances 
and these variations have been related to physical, 

chemical and biological processes. The stable isotopes of 
numerous other elements have been found to vary in their 
natural abundance. Of particular interest to the present 
study is the variation found in g34 7332 ratio in natural and 


laboratory fractionation studies. 


SulphurlIsotope Fractionation Studies 


The study of sulphur isotopes is important in 
natural isotope fractionation investigations because of 
the existence of sulphur in different valence states and 
1te wide distribution in the earth's crust. Initial data 
on the sulphur isotope fractionation was published by 
Thode et al (34). It has been subsequently found that the 
33% 7332 and 333/33 ratios for sulphur vary by about 8 
and 4 per cent respectively depending on its origin. 

The distribution of sulphur isotopes in nature is shown 


in figure I in which the 6 - °/oo value is defined as: 


34 7932 
7 ; See Geo ES sna} #72000 
6(*/oo) | 53/532 (Meteorite) . 


The following inferences can be drawn from this distribution: 


Le ne 93 7332 ratio for meteorites is remarkably constant. 


Igneous sulphides are fairly close to the meteoritic 
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FIG.1 cyt pHUR ISOTOPE DISTRIBUTION IN NATURE 
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Value and the meteoritic value is approximately the 
mean value of the terrestrial spread. In view of this 


s34t 7332 


it is suggested that the meteoritic value 
represents a primordial abundance of terrestrial 
sulphur before any process of fractionation occurred. 
Moreover igneous sulphur should have less chance to 

be fractionated since its formation, and it should have 
a g3 /g32 value in the neighbourhood of the meteoritic 
value. Although some of the sulphides of igneous 
origin show an appreciable enrichment in g3t as 
compared with meteorites, it has been found that quite 
a good number of igneous sulphides have g34 7332 values 
within 0,1 per cent of the meteoritic value. ‘This 


has been verified by McNamara et al (35), Vinogradov 


eel (36), Kulp @tal (37) and: Sakai (36). 


The fact that igneous sulphides values are close to 

the meteoritic value suggests high temperature physical 
processes which do not alter the isotopic ratio as 
significantly as other processes. 

g3t/g3? 
g3t 


Sea water sulphates hnaveanearly constant ratio 


being enriched in the heavier isotope, i.e. by 
about 2 per cent. This means that the ocean provides 
a very large reservoir of sulphate at a relatively 


constant g3t 733° level. This suggests that the sulphate 


ion is well mixed in the oceanic waters. 
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4, Most of the sedimentary sulphides are seen to be 
enriched in the lighter isotope i.e. S°°, while the 
sedimentary sulphates are generally enriched in the 
heavier isotope got, Since these differences are 
found to be large, they correspond to low temperature 
processes which may involve the breaking of chemical 


bonds. 


In order to answer the question of how the cistribu- 
tioneOLa sulphurreinyfigure,i<has occurred Tudgesand,Thode 
(39) calculated the values of the exchange constants for 


the isotopic exchange reaction: 
oo. = Se sy cat 32 
S Oy, + Hs =— Ss On a Hos 


The equilibrium constant for this reaction at 25°C was 

found to be 1.072 meaning that there should be /.2 per 

cent more g3t in sulphate than in the hydrogen sulphide 

when the equilibrium is established. It is in fact 
interesting to note that the over all percentage spread 
Line g34 7332 ratio is of the same order as the equilibrium 


constant for this isotopic exchange reaction. 


Since the above exchange has not been affected 
directly under normal conditions it was suggested by 


Szabo et al (40) that perhaps the well known biological 
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eycle of sulphur in nature of figure II might be a means 
of fractionation of sulphur isotopes in view of the above 
reaction. In this biological sulphur cycle, sulphate is 
being continuously reduced either by bacterial reduction 
undéer-anaérobic conditions or through plant metabolism, 
while the sulphides and Hos are being oxidized to free 


sulphur and sulphides. 


One of the direct verifications for sulphur 
isotope fractionation in this cycle is the result of 
investigations of the Cyrenaican lakes in Africa where 
SO) in“solution is microbiologically reduced to Hos. 
Oxidizing bacteria also abound in these lakes and 
oxidize Hos in solution to elemental sulphur, which is 
precipitated as a layer at the bottom. In 1951 McNamara 
and Thode (40) found the elemental sulphur produced at the 
bottom of these lakes to have 934 content about 3.c-per 


cent less than that of the soluble sulphate from the same 


lake. 


Another striking evidence of the biological 
sulphur cycle responsible for sulphur isotope fractionation 
was found in the sulphur wells of Louisiana and Texas. 
Elemental sulphur is found in calcium carbonate in these 
deposits. Reduction of the surrounding gypsum to form the 
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Hos and S~ had two possible mechanisms: 
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i. The organic reduction of sulphate at high temperatures 


Since oil is found around the periphery of salt domes. 


hithe Themgreduction of: sulphate *by*sulphur bacteriay. He 
petroleum present would supply a source of energy 


for the bacteria, 


In an attempt to establish the nature of the process Thode 
et al (42) investigated the g32 /g34 content of the gypsum 
and the sulphur and sulphide. The g3t content of the 
sulphate was about 4 per cent higher than the elemental 
Sulphur and 5 per cent higher than the sulphides in these 
salt domes. The first high temperature process is incapable 
of producing such large isotopic fractionations, whereas 

the second low temperature process of bacterial reduction 


ean do so, 


Microbiological sulphur isotope fractionation in 


ry 


the laboratory was demonstrated in 1951 by Thode et 2 (43). 
They reported one per cent depletion of g3t in hydrogen 

sulphide produced in the reduction of sulphate by Desulphovibrio 
desulphuricans. Jones et al (44) reported a large tempera- 

fure coefficient for such isotope fractionation. According 

to their investigations the degree of fractionation could be 
increased to 25 ©7/00 by using a higher sulphate concentration 


and reducing the temperature to about Pe yaeo o. in tate 


way the enrichment is controlled by the temperature regulation 
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of the rate of reduction. Kaplan et al (45) also reported 
that sulphate concentration plays a minor role while the 

rate of reduction of sulphate was the main factor responsible 
for«-therdegree: of sisotopic enrichment. : A«detatiled analysis 
of the phenomenon was carried out by Harrison and Thode (46). 
Their results indicated variations in the isotope effect of 

O to 2.5 per cent. The degree of fractionation was inversely 
proportional to the reduction rate, which in turn was con- 
trolled by temperature and electron donor concentration. 

The influence of sulphate was effective only at limiting 
concentrations. In order to explain the magnitude and 
direction of isotope effect they have suggested the possi- 


bility of two. step process of the following nature: 


(step-1) 
if Ky ai 
SO, (soln) + -snzyne- > SO)” (enzyme complex) 
Ko 
(step-II) k S-O bond 


3 breaking step 


S02 Rapid reduction 
relative to steps 

| L&D 

Haw 


In this reaction mechanism the first step is assumed to 
involve very little or no isotope effect. The sulphur 
oxygen bond breaking step involves an isotope effect of 


about 2.3 per cent as reported by Harrison and Thode (47) 
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tombe re Cuemlca | iweduction of sulphate studies, Thus it ia 
evident that the isotope effect for the entire process will 
vary considerably depending upon whether step-I or II is a 
rate controlling step. When both of these steps are nearly 


equally effective intermediate isotope effects are expected. 


Recently Kaplan and Rittenberg (48,49) have 
extended the studies of isotope fractionation In the natural 
sulphur cycle. They studied the. oxidation of sulphide 
using chemosynthetic as well as photosynthetic sulphur 
bacteria and found elemental sulphur, sulphate and an 
unidentified polythionate as resulting products in the 
metabolism. In the chemosynthetic process the elemental 
Sulphur was found to be slightly enriched in g3e and the 
sulphate was enriched in $°° by as much as 15 °/oo. The 
intermediate polythionate however was always enriched in 


3H relative to the starting sulphide. The photosynthetic 


S 
process of sulphide oxidation showed similar trends except 
that no significant difference was found in the composition 
of the sulphate in comparison to the reactant Sulpnidey 
These fractionation patterns by biological processes in the 
sulphur cycle are shown in figure III. n~this~figure—the 


isotope enrichment of the final and intermediate products 


is designated by 32 and 34 while no fractionation is 


designated by 'N'., 
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CHEMOSYNTHETIC 
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ORGANIC S 


FIGURE II] (from KAPLAN and RITTENDERG (48)) 
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Nakai and Jensen (50) have recently conducted 
reduction of sulphate experiments with natural cultures of 
marine muds. A constant value of about 1.020 for the 
ratio of the isotopic reduction rate constants ky/Ko was 
realized and the reaction followed first order kinetics. 
Moreover they have also demonstrated that the fractionation 
factors (the ratio 32/334 sulphide //S32/s3+ Sulphate) 
exceeded k,/k, and reached 1.043 to 1.062 during the process 
OF reduction in a limited supply of sulphate. This fraction- 
ation factor is dependent upon the percentage of reaction 
and tends to infinity in the neighbourhood of 100 per cent 
Penaetion, Jif the supply-is infinite, the fractionation 
factor retains the value k,/k,. This will be mathematically 
demonstrated in the theory. Also in-oxidation experiments 
with mixed cultures Nakai and Jensen (50) reported the rates 
OlrGeidaGilon OF: g3 and FeS,>* to be O.1 per cent faster 
then tne rates for g34 and FeSo3+, The fractionation 
factors observed between reactants and sulphate produced 
were found to vary between 1.0003 to 1.0017, indicating 
more enrichment of g3e in sulphate than -in.sulphur or 


Sulphide. 


In this thesis, the reduction of sulphite ion 
to HoS has been studied using Salmonella species. This 


organism is enteric in contrast to other organisms used 
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in isotope fractionation studies. It was interesting to 
see therefore if isotope fractionation could be realized 


with a genus whose normal habitat is within an animal host. 


Salmonella 


In bacteriology Salmonella are described as Gram- 
negative non-sporulating rods, of dimensions (1-3 x 0.5-0.7) 
microns. These are commonly distributed in man, mammals 
and birds. This genus is easily cultivable both aerobically 
and anaerobically on common laboratory media. Most of the 
species of Salmonella produce CO5 from glucose and H58 
preduction.often occurs.from.sulphur containing.compounds. 
Their normal habitat is enteric i.e. the Salmonella group 
are found mainly in the intestine and are common pathogens 


OL .mammals. 
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THEORY 


In order to explain the problem of relative 
reaction rates of isotopic molecules Bigeleisen (51) has 
developed a theory of the kinetic isotope effect. His 
theory is essentially based on the "theory of absolute 
rates" given by Eyring (52) and Evans and Polanyi (53) from 


the statistical view point. 


The theory of absolute rates involves an "activated 
complex" between the reactant and product. The motion of 
the nuclei during a chemical reaction is determined by a 
povential energy Burface which is in fact a plot of the 
potential energy of a system of atoms in their lowest 
quantum state (electronic) versus the separation between 
the nuclei. For different degrees of freedom consistent 
with a particular position on the potential energy surface 
the moving system of atoms will have a quantitized kinetic 
energy. The minima on the potential surface correspond 
to compounds, the compounds being more stable for the lower 
minima. 

A system passing from a particular low region to 
another corresponds to a reaction. In view of the Boltzman 
factor the thermal reactions ‘will occur \by® virtue: of the 


barrier between the reactant and the product. The highest 
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energy point on this lowest barrier is the activated state 
and the system at this point is termed as the "activated 
complex", The highest point is a sort of saddle point 
with positive curvature in all directions except the path 


of reaction. Considering the reactions: 


Ky 
A,+B+Ct+... —=— Py 
Ko 
Ay + PB ea 2. ——————_1 P, 


where, Ay 1s the lighter Isotopic molecule, Ay the heavier 
and Pj and Po are the products, the rate constants kj and 


ko are given by Eyring's (52) method: 


a: 
: , Cy ally ee , 1 (1) 
1 Gra Ceres erase 5 
4 
Pies pene ot the (2) 
2 2 AIG Bice TM a 


where, 

Keaeds< the transmission icoeisichents 

ct is the concentrationsof the activated complex; 

m* te theceffectivesmass of the complex along the 
co-ordinate of decomposition; (it is usually 
considered as the reduced mass of the atoms 
whose bond is actually involved in the reaction). 

§ ts the Leneth of the top of the potential 


barrier which the complex traverses. 
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The contribution to the rate constants by tunneling 
through the barrier have been neglected in equations G1) 4and 
(2), but a correction for this can be applied as shown by 
Bigeleisen (51). To a high degree of approximation the 


potential energy surfaces for isotopic molecules are identical 


i.e. 6, = 6, and from equations (1) and (2): 
i C » 
His, oe Ny A Mae pe 7? (3) 


Replacing the ratio of the concentration of individual 
molecules by the ratio of the complete partition functions 


Q's we get from equation (3): 


+ % 
ae eke ey ee (4) 
aD Re QF ~ Gay * my 


The zero of the potential energy curve of the normal molecule 
is taken as the zero of the energy seale of the normal 
molecule, while the zero in the saddle of the potential 
energy surface of activated complex is chosen as a zero 

Per une evaluation of ratio of the partition functions of 


the isotopic activated complex. 


In view of Bigeleisen and Mayer's (54) treatment 
the ratio of the complete partition functions of two 


isotopic molecules can be expressed in terms of a function 
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of the energy levels of two molecules whose rotation is 
classical at the reaction temperature. Hence equation (4) 


can be expressed as: 


a = ca xX nae ea Le (5) 
Ko Ke fr ‘m,* 
where, 
Qn M. 
P= ge om ( gh 137? (6) 
Ay i(2) 


M,'s are the masses of the isotopic’ atoms in’ the 


isotopic molecules. 


But from the theory of equilibrium isotope effect the ratio 


of the partition functions can be expressed as: 


Qn 5 3n-6 
2) — db 2 

Taz = Bi = A G(u,)Au,) rT) 
= = t 

Q S 3n'-6 

Ey tee 

aF = Sot Ch + 2 G(u, )Au, ) (8) 


where, 'S' is the symmetry number to account for the 


identity of nuclei, G(u.) =- £-++—>— , 
i 2 U4 (e“41_1) 
Av, 6 
en. ee a = wr %4(1) ~ Va(2))- Using 


equations (6), (7) and (8), equation (5) is rearranged to 
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give the following.in.case of Au, small: 


x 
ug Co L 1 iL: 2 
fn —_—*+=—-* —= = inz+5 ln - poe ; 
Sn1=6 
b+ 
‘ 7 G(u,) Au, (9) 


Expanding equation (9) and neglecting higher terms in the 


expansion we get: 
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For systems above room temperature having a 
distribution in velocities of the reacting isotopic molecules, 
it has been found by Hirschfelder and Wigner (55) that the 
Craneanission coeriitcivent'ratio is very nearly equal to unity. 
Since m*/m,” term in equation (10) is in general larger 
tian unity,. the lighter molecules. have. the. greater rate 
constant. This is true also in view of the fact that 
usually the reacting molecule is bound more tightly than 
the activated complex. If however, the activated complex 


ig bound very tightly such that: 


an=6 ant=6 


2 G(u,)Au, > * G(u,*) aut 
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Then the rate constant for the heavier molecule will be 


greater only when: 


are 6 


This will give what is termed as "inverse isotope effect". 


Bigeleisen and Wolfsberg (56) has further pointed 
out that in view of the breaking of molecules into two 
fragments, the reduced masses of the fragments should be 
used instead of the reduced masses of the activated complex 
along the reaction co-ordinate. This has been discussed in 
more detail by Wolfsberg (57). He has considered a molecule 
X-A-B-Y, where A-B bond is broken. The reduced mass term 
will be nearly AB/A+B for the case where the A-B bond is 
stronger than the X-A and B-Y bonds. If A-B bond is a weak 


bond then the reduced mass will be: 


(mya) My _p) 


This is because the mass centres My 1p and My 5 are separated. 


le ta not. possible to Tind out the speciiic value 
of the rate constant in view of the somewhat unknown nature 


of the activated complex, but one can fix the following limits: 
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(i) For activated complex similar to the reactant: 


2n=6 3n 'wo 


; G(u,)Au, ~ : G(u, i 


and the ratio of rate constants in equation (10) 
is equal to ’the ratiovof reduced masses. The ratio 


of course takes its least value. 


(14). For activated complex similar to the product, there 


is a bond rupture and 


3n!=6 


; sf sl Vereanee 


(iii) For a diatomic molecule we have: 


circle 


( = G(uy) Ay) (product) 


and “une ratio Of rave constants is maximum, In fact 
the* observed effect is usually. intermediate between 


the two cases. 


in studying aViaboratony reactionyveit is necessary 
to know how the isotopic composition of the products and 
the remaining reservoir vary in time. In general for a 


competitive reaction of the type: 


Ky 
A, BEE xy PY 
Ko 
A, +B —=+ X,+¥ 
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where the subscripts 1 and 2 are for the lighter and heavier 
isotopic species respectively, we can write for the first 


order reaction: 


dX, 
aon He Bo ae) 
aX, 

dt = KolAog - Xp) (8) 


Dea v=) QO, X. = O and X,°= 0, Therefore 


a) 2 
Aoy 
al er = 
= i (121) 
2 Oo 
in(z = ) 
Oo 2 


If the fraction of molecules that have reacted 
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and the ratio r = Fos/8O} where, Oo/ 0, is the 


isotopic ratio in the initial reactant and X5/X1 is’ the 


ratio after the fraction 'f' has reacted, then equation (11) 


yields: 
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But the heavier isotopes of elements carbon, oxygen, nitrogen 


and sulphur are relatively rare i.e. we can take: 


ae on/404 eg ae 


and also 


Therefore equation (12) gives the ratio of rate constants 


as: 


Nakai and Jensen (50) have developed for a first order 
reaction an,.expression for the.fractionation factor 'R! 
x A 
Witches yGhesnatio sof = J = where ,.0bOLhn x and A rerer to 
1 1 


theysame;time.!'t'. .They find, 


w(ke/k,)7* . Ff 


1-f 


where 'F! ig the ratio of the amount of residual reactant 


Sc .oime 't! to-.initial reactant at time t =:0. 
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EXPER IMENTAL 


Microbiological Reduction of Sulphite 


In the microbiological reduction of sulphite (SO.”) 
the following organisms were used: Salmonella paratyphi A 
(A.T.C.C, #274), Salmonella oranienberg(NCTC+#. 3746), 
Salmonella typhi, Salmonella paratyphi C and Salmonella 
heidelberg. Eighteen hour cells were inoculated to one 
litre of Trypticase Soy Broth (T.S. broth, Baltimore Biological 
Co. Ltd.) to which was added 10 ml. of 10% w/v sterile 
solution of NaoS03 after autoclaving and cooling, giving a 
final concentration of 0.1% w/v NagSO2. T.S. broth was 
found to be the best medium, as others tested caused 
autoreduction of SO due* to. reducing sugars present in the 
medium. It was noted in one case with Bacto Nutrient Broth 


that .the Hos produced by autoreduction of S03 was enriched 


in g3e by.0,5° Der cern. 


The apparatus for trapping Ho5S for LSOLOpLerS tudy 
is shown in figure IV. Gas was bubbled through the medium 
to prevent clumping of the organisms and to accomodate 
flushing of the Hs from the medium. Two ports were available 
on the culture flask, the first for the addition of nutrients 


and the second for the collection of 1 ml. aliquots for 


plate counts. 
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The gaseous metabolic end-product, Hos, was trapped 
in cadmium acetate solution as CdS. The CdS was allowed to 
accumulate from 4 to 6 hours ama then converted to 
Agos by the addition of 0.1N AgNOz. In order’ to obtain AG,S 
in a form easy to filter, the mixture was boiled for one 
minute to coagulate AgosS before filtration. The AgoS precipi- 
tate was washed with concentrated ammonia to remove any 
Silver chloride (AgCl) present and then washed several times 
with deionized water. The AgoS was then collected on 7 mm 
Mitotapore filter discs of O.45 micron pore size, dried at 
a7. Cand weighed. The amount of sulphur released per unit 


time was calculated from the weights of Ag5S. 


Initially a general study was conducted using 
various species of Salmonella under aerobic as well as 


anaerobic conditions of growth. 


Later, to realize a higher percentage of sulphite 
reduction and maintain the cell population throughout the 
experiment, fixed amounts of sterile glucose solution were 
added at regular intervals. Salmonella heidelberg was 


wed in these experiments. 


One ml... aliquots-of, culture, .mediumowere: taken 
every. four hours, and- loganithmically.dilduted: and 0.4 jc,of 
each dilution.was plated.in triplicate on. ...6, Agar. The 
plates were incubated at 37°C for 24 hours and then counted 


using the Quebec Colony counter. 
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Preparation of Sulphur Dioxide (S0O.) Samples for Mass 


Spectrometric Analysis 


The .combustion characteristics of AgoS8 show 
that it is essential to heat the sample above a temperature 
or 1000 C in order 6 decompose any silver sulphate formed. 
To fulfill this requirement for complete combustion of silver 
sulphide the prepared samples were burned at we00° Cana 
furnace specially built for the purpose. The schematic 
diagram of the furnace is shown in figure V. Two heating 
elements each of resistances about 17 ohms were connected 
in series with a temperature controller Model 2706-644-800 
manufactured by Assembly Products Inc., Chesterland, Ohio 
and used with 200 volts outlet. <A thermocouple signal was 
sensed by the controller and the temperature was retained 


constant at 1200°C, 


Phe actual combustion of silver sulphide samples 


involve the following steps: 


(1) Flaming of the sample processing line: The section Or 


the line between the quartz tubes and stopcocks Me 
9 and 12 were flamed while passing oxygen through. 
With the cap removed from the quartz tube and stopcock 
Sy¢losed, all of the sample processing. line@was flamed 


under vacuum to remove any gases absorbed in the glass 


walls. 
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Insertion of the sample in the combustion tube: With 


stopcocks 2, 4, 9 and 12 closed, stopcock 4 was opened 
to atmospheric pressure. The cap was replaced on the 
quartz tube and oxygen was passed through for a time. 
The two coil traps were then immersed in liquid oxygen, 
the cap removed, the sample in a quartz boat inserted 
into the middle of the quartz tube of the furnace and 
the cap quickly replaced. Combustion was immediate, 
but five minutes were usually allowed for the burning. 
The cap was then removed and the stopcocks 2 and 4 
closed. Any oxygen liquified within the coil traps 
was pumped away using the roughing pump by opening 
stopcock 9 very slowly. (Stopcocks 10 and 12 were 
closed.) After a short time of roughing stopcock 9 
was closed. The liquid oxygen baths were removed from 
the two coil traps to release any oxygen trapped in the 
frozen SQ5. The SO was retrrozen into one of the -corl 
traps and the sample was again pumped upon with the 
roughing pump. Then stopcock 9 was closed, 10 and. 22 


were opened to pump on the sample with the diffusion 


pump. 


Transfer of the sample to U-tubes and purification: To 


transfer the collected sample to the U-tube, stopcocks 
6 and 12 were closed and 5 opened after putting an 


acetone solid carbon dioxide mixture beneath Uo and 
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liquid air beneath U2. (In the meantime, the liquid 
oxygen bath was removed from the coil trap after 
transfer, stopcock 5 was closed, 4 opened, the cap 
replaced and oxygen passed through the coil traps with 
flaming.) The acetone solid carbon dioxide mixture 
was used to remove any water present. This was 
essential since there existsa possibility of exchange 
of oxygen between water and SO, (Brown and Drury (58)). 
nence for a better purification, liquid air was inter- 


changed two or three times between U. and ae Finally 


1 
the sample was collected in U2 and the liquid air bath 
was replaced by a solid-liquid alcohol bath. At this 
temperature, the vapour pressure of carbon dioxide is 
a few mm Hg while that of SO is about 0.001 mm Hg. 


CO> was therefore removed by pumping with the diffusion 


pump for a short while by opening stopcocks 6 and 11. 


(4) Collection of SOQ. sample in break seal: The final 

Btage ia the transfer of 505 to. the break seal ror 

analysis in the mass spectrometer. Care was taken to 

flame and pump the break seal line before collecting the 
sample in it. Stopcocks 8 and 11 were closed and the 

break seal immersed in liquid air. After removing the solid- 


liquid alcohol bath from Uz, stopcock 6 was opened and 


the sample frozenin the break seal. The break seal was 
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then finally removed from the line by collapsing the 
constriction with a mild flame. While removing the 
break seal it was kept immersed in liquid air to avoid 
any loss of the S05 sample. In the mean time the 
combustion line from the furnace to stopcock 5 had been 
flamed several times with the oxygen flowing and there- 
fore another sample of silver sulphide could be intro- 
duced and undergoing combustion while the sample 


purification line was flamed under vacuum, 


Mass Spectrometry 


Sample Handling System 


The sample handling system is shown in figure VI. 
An iron slug was inserted into each break seal tube and 
the tube was then sealed to the manifold as shown. All of 
the line is glass with the exception of V, and Vo which 
are metal Hoke valves. There is a similar handling system 
for a standard reference S05 sample, the difference being 
that storage bulbs with valves are connected into the 


manifold system. 


To attach the break seals, mercury cutoffs 2 and 
3 were closed. Vo was closed and Vj] was opened slowly cc 
bring the manifold up to atmospheric pressure. A blowing 


tube was attached to the Vj; outlet and the break seals 
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attached. al was closed, V5 opened slowly and the line 
evacuated. The mercury cutoffs 2 and 3 were lowered and the 
whole line gently flamed under vacuum. Vo and mercury 
cutoff 3 were then closed, liquid air was placed under the 
break seal tube to be opened. The iron Slug was lifted up 
with a magnet and dropped to break the seal. The kiquwid 

air trap was then removed and the pressure read by the 
manometer. The mercury level between cutoffs 3 and 4 was 
adjusted appropriately, the cutoff 2 was closed and 3 
opened to admit the sample into the reservoir. The mercury 
level in the sample reservoir was adjusted to give the 
required ion current in the mass spectrometer. Mercury 
cutoff 4 can be used to. store a. sample to. be run at a latter 
Time, .ln this study, a sample of SO5 of the same isotopic 
composition was analyzed, stored and then analyzed again 
after a number of SO> samples prepared from the bacterial 
reductionswere analyzed. This checked the drift of the 
mass spectrometer in time. The capillary leaks from both 
the sample and the standard lines led to magnetic valve 
System as described by McKinney et al (59) and Wanless and 


Thode (60). 


The Mass Spectrometer 


The mass spectrometer used for this investigation 


was basically a 12" radius - 90° magnetic analyser which 
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Separated ion currents of different masses. The sulphur 
dioxide was ionized by a stabilized electron beam moving 
24,90, to. the gas flow direction. The ions formed due to 
electron bombardment were then accelerated by a potential 
of the order of 3.5 KV and subsequently separated in the 
magnetic field. A wide slit and a narrow slit were used 
in the ion collector assembly for the collection of ion 


currents of masses 64 and 66 respectively. 


During the first part of the study more conven- 
tional circuitry was used in simultaneous collection. A 
portion of the voltage developed by the larger ion current 
was fed back inversely by a calibrated 5-figure potentio- 
meter to cancel the voltage developed by the smaller ion 
current. This null was detected on a center zeroed pen 
recorder .s Theireadingyof potentiometerfor- the null 
condition was recorded in turn for the standard and the 


unknown sample. 


During the latter part of the study, digital 
equipment was used in the simultaneous collection circuitry. 
This consisted cd three parts, Model DY-2401A integrating 
digital voltmeter, a Dymec Model DY-2211B voltage-to- 
frequency converter and a Hewlett-Packard J66-562A digital 
recorder. The basic principle of operation of the digital 


equipment is that the input voltage is integrated over a 
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selected time by the integrating digital voltmeter and 
subsequently converted to a proportional frequency. This 
frequency is referred to a standard time base frequency 
while passing through a counter section. The printed or 
visually displayed voltage is then essentially the ratio 
of the converted frequency to that of the standard time 
base. If instead of this time base reference frequency in 
cenomanatorvan additional voltage to frequency converter 
is used, the ratio of two voltages can be displayed or 
printed. Ten ratios 'R! were printed alternately for the 
standard and the unknown samples. Six such sets for each 


were printed and 53" (uncorrected) determined as: 


Senge oeEad) = Cai = 1) x 1O00 
The precision with-in an analysis and the accuracy of 
g3t 7932 comparisons on repeated samples was generally better 
than 0.02 per cent (standard deviation). The $-value was 
corrected because of oxygen isotopes (mass 66, g34o16o16, 
g32o16015) by multiplying by a correction factor Of 2-090), 
(Hulston and Shilton (61)). This corrected value is 


34 93/332 ( sample) SSG aeons 


6) 
334/332 ( sulphite) 
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RESULTS AND DISCUSSION 


General Survey 


The results of the general survey are summarized 


in Table I and Figure VII, 


It was found that the product H5s produced 
during 24 hours was depleted in 934 by as muchsas: 3.35 per 
cent (33.5 6-units) in comparison with the isotopic 


composition of the reactant sulphite. 


All of the species reported effected alterations 
of the got /g32 ratio of the same order although the fraction- 
ation realized for anaerobic and aerobic conditions varied 
considerably with the species. The extreme case was with 
53+ 


paratyphi A where anaerobically the depletion was 33.5 


d-units while aerobically, it was 20.7 6d-units. 


In most cases, the anaerobic reductions realized 
fareer 1Ssou0pemi ractionations than the eerobic ceases: 
Anaerobically, the amount of Hos produced was about 3 times 
greater than in the aerobic cases. The percentage reduction 
never exceeded 15 per cent. Salmonella heidelberg showed 
the smallest difference in isotope fractionation between the 
Serobic and anaerobic cases, but it is seen that replicate 


Tune ao cititerent times. lack in reproducibility’“and in one 


besitaamwe see yeVture txedanle sae te at Lie 
La an ay 
tIV 4 


baovbo1q 2. toubowg orig teas f 


: Pt —— 
tag cé.& #6 doum ea vd fo me batelash eow 


7 , ‘a 
Tetur-G 
aft 
{ 


enolisustis betostte batgoge? se tosye alas’ 
notissT] sto davotels wbro' eiies aie te hae 
befusy smotithnes oldoves bas jtind or 
titw e@sw 8840 smeitxs epi! . eobosge - 


‘,£? eaw notislash "Es ont aarti inten) 
atiog-3 V.OS -esw ot it : 


fosifsss snotveybes sido tesns ont» 

es i 7 

29889 obvomees eff madd ROE ~“e 
pemis £ 110 08 Baw heodiborg pi *“ 


~Ollevbex sgstweorss out 


af ae 


bawode 4 sed loht or if 
ait meewhed nso 


) 
sisokigqar del? nese at 
sito ot Bris yrtleettout 


om) 


s“H yonpoag go TY 
Ze DES Qc- 2 hae Hen 2o- Oc- 
Peete ad an terelen, omieemX : ae T=yost e219 “oTuedo 
[wise @- maa oS ® {-yisa pudky 
a VY TudAéAqeased 
Sein Mee es oe ee = 9. eevee: Oo Fudszered 
€-uyusd [28 4's a es €-yusd 
H-UyUSdx-—-—-9 t-VUuSd Sisq T epTey 
Cue On * G-uyusd | 
g-vusg © x j-uyusa 


STqodseuy x 


oOTqorsy Oo 
(pete4yTeug suotyTpuog TeTatur ‘suostTizeduog OF qoteeuy-oTqodey ) 


“dS VIIGNOWIVS AG NOILONGHY ALIHdTAS NI NOILVNOTLOVUdS¢S/, 6S ITA HYNola 


8g — = ++ iy “P-nAde 2a = 


a , ee Oe ae 


—e ee ee. igh 


i-AIG8 


; — 


rt ~ St - = 


TABLE I 


SULPHITE REDUCTION WITH SALMONELLA SPECIES 


Seu. 


AEROBIC-ANAEROBIC COMPARISONS (Initial conditions unaltered) 


Species 


oranienberg 
oranienberg 
typhi 

typhi 

paratyphi A 
paratyphi A 
paratyphi C 
paratyphi C 
heidelberg 
heidelberg 
heidelberg 
heidelberg 
heidelberg 
heidelberg 
heidelberg 


heidelberg 


of Growth] ature °C 


BSoA-1 Aerobic 


BsoAn-1 Anaerobic 


Aerobic 


BStA-1 


BStAn-1 Anaerobic 


BSpA-1 Aerobic 


BSpAn-1 Anaerobic 


BSpA-2 Aerobic 


BSpAn-2 Anaerobic 


BShA-3 Aerobic 


BShAn-3 Anaerobic 


BShA-4 Aerobic 


BShAn-4 Anaerobic 


BShA-5 Aerobic 


Anaerobic 


BShAn-5 


BShA-6 Aerobic 


Anaerobic 


BShAn-7 


Designation| Condition] Temper- |Reduction 


Time 
In Hours 
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case, the larger fractionation was found aerobically: 


The findings of Harrison and Thode et al (46), 
and Kaplan and Rittenberg (48, 49) indicate that the isotopic 
fractionation varies inversely as the rate of reduction. 
The results of the general survey would disagree with 
these findings if the Hos production rate were constant 


over the whole 24 hours. 


Qualitative observations however indicate that 
the Hos production was not constant over the time interval. 
Production did not commence until about 8 hours after 
inoculation and was decreasing noticeably towards the end 


of 24 hours. 


In an attempt to investigate the conditions 
further, counts were made of the bacteria every four hours 
with the initial conditions unaltered. Figure VIII shows 
how the number of viable cells varied in time. A peculiarity 
exists in that the cell population rapidly climbs and 
reaches a maximum at about 13 hours. It then rapidly 
decreases stabilizing at less than 1 percent of the maximum 
value. The same effect existed anaerobically and aerobically 
but in the latter cases the counts were about 50 times 
higher. #This phertomenon is still being investigated in the 
department of microbiology and no explanation is offered for 


it here other than ,that it .appeans to..bewa poisoning effect. 
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PIGURE VITI POPULATION DETERMINATION (Initial Conditions Unaltered) 
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It is quite clear that the production rate per cell must 
be varying considerably under these conditions and it is 
therefore impossible to derive any relationship between the 


reduction rate and the isotope fractionation study. 


The general survey however is informative in 
Showing that a number of Salmonella species are capable of 
fractionating sulphur isotopes during reduction of sulphite. 
Purvher, the maximum effect (6 = =33.5) realized is signifi- 
cantly high in comparison to the results generally found by 


other workers. This will be discussed in more detail later. 


Continuous Feeding Experiments 


It was found that regular feeding of glucose 
could realize a more stable Hs production rate and further, 
the reduction could be carried nearly to completion. 
Inittiatly plots of Hos produced versus time gave reasonably 
straight lines which would indicate zero order reaction. 

The isotope fractionation however is naw consistent with 
zero order kinetics and so the yield was plotted in terms 
be first order kinetics. Plots of 4n((S02") \/(S02"),) 
versus time 't! gave straight lines consistent with first 
order kinetics (50). It appears therefore that at the 


rates encountered in the experiment, conventional ways of 
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determining the reaction order are not sufficiently 
sensitive whereas the dependence of isotope fractionation 
on percentage reaction clearly determines the order. It 
Should be noted however that whereas first order kinetics 
are observed in any one reduction, intercomparisons with 
different concentrations recently made do not find that 
the rate is proportional to the concentration. This is the 
fundamental definition of first order kinetics and this 
anomaly must be due to the poisoning effect previously 
noted. The decrease of production rate with concentration 
has also been noted by Harrison and Thode (46) and Kaplan 
and Rittenberg (49) in the reduction of sulphate by 


Desulphovibrio desulphuricans. 


The results of three continuous feeding experiments 
are shown in Tables II, III and IV and Figures IX, xX and Al. 
In Figure XII counts are shown under aerobic and anaerobic 


COnGITiLons. 


The counting results indicate that the population 
also goes through a maximum in the continuous feeding 
experiments. This maximum again exists aerobically and 
anaerobically. The stabilized population in the aerobic 
case is likewise about fifty times higher than anaerobically. 
It is seen however that only a small fraction of the H5s 


is formed while the population is fluctuating. Therefore, 
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the rate per unit cell obeys the same kinetics as that of 
the ttotal-rate. 

Many ways exist of evaluating the isotope fraction- 
ecicr.. In equat ior!n page 22 the factor 'r! refers to the 
integrated isotopic composition of the product whereas 
experimentally, the isotopic compositionsof<fractions was 
measured. Therefore in Figures IX-(a), X-(a) and XI-(a) 
mne antegrated isotopic composition is plotted as a function 
Pravercenvage reaction, The best k,/K5 theoretical curves 


are plotted through the experimental points. The calculated 


values are given in Tables II, III and IV. 


in Figure IX, with the exception of the last 
determination at 94 hours, the rate fits first order kinetics. 
The isotope fractionation plot in Figure IX-(a) also shows 
this sample to be anomalous. This effect is not noted in 
the other series, but they have not been carried as close 
40 completion. This téYmiwal fraction is interesting. in 
that it has a 6-value of over +62 as compared to the 6-values 
Gr -23 near the beginning of the reaction inditaLing that 
two fractions whose g3t /g3? ratio differed by 9 per cent 
were obtained from this reduction... Dhis-is—to—be-expected 
since the reservoir of unreduced sulphite becomes increas- 
ingly enriched in g3t because the Soe species are 


reduced faster. The isotopic composition of the differential 
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Ctohabdte 8.6 CONTINUOUS REDUCTION OF SULPHITE BY S.heidelberg 
~ (BShAn-8 series, 37°C, 150 g glucose q.hr. anaerobic) 


(4-k, /k,3 ©-I1n (S05) /(SO=),:p-S.,, of fraction ) 
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FIGURE IXa INTEGRATED Q VS. % REACTION 
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fraction at 100 per cent reduction is theoretically infinitely 
enriched in 34 The 6-value of the integrated product how- 
ever approaches zero at 100 per cent reaction since the 
isotopic composition of the product is then the same as 


Pia Ol scne original “gulphite. 


It 1s noted that in the initial fraction, the 
isotope fractionation is low because of the instability of 
the cell population. This means that the calculated integrated 
Valliecoware 2180 low ard hence the best fitving k,/Ko value 
cpurve is Tow. This descrepancy can be rectified to some 
extent by considering each fraction in terms of the isotopic 


composition of the S02 at. the beginning of the fraction i.e. 
Pec ew iraction 1s considered as a separate reduction. ky /Kp 
values have been accordingly calculated and appear in the 


faso column of Tables Ii, ILL and IV. 


The conditions of the series in Figure X was 
initially the same as the series in Figure IX. Again, the 
isotope fractionation is low near the beginning because 
of the instability of the cell population. At 40 hours, 
however, some unknown phenomenon occurred and the reduction 
rate lowered considerably. Consistent with this, it is seen 
that the isotope fractionation immediately increased 
corresponding to k,/Ko increasing from 1.034to 1.041. Thus, 


the inverse dependence of isotope fractionation on reduction 
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rate as found by workers with other microorganisms is 


shown conclusively with Salmonella in this experiment. 


The series plotted in Figures XI and XI-(a) differ 
from the other two series only in that it was performed 
aerobically. The reduction rate was much slower and the 
k,/K, ratio was reasonably high (1.040) near the beginning 
of the reaction. Further, the depletion in g3t was a 
maximum in the first fraction and did not maximize around 
25 per cent reaction as in the anaerobic series. The 
neaction order plat ds also peculiar imthat ittireaches 
zero at negative times. This indicates that the reduction 
rate near the beginning was much faster and then stabilized 
to approximate first order kinetics. The isotopic correla- 
tion however is not as good in this trial and on the assump- 
TLONGDT Hirst) order kinetics, ky/Ko scteadilvedecreases in 
Dime sas ty LS7ditficult to evaluate thisasermes and compare 
it with thervothers. It is, obvious from these’ graphs and 
the population determinations that molecular oxygen can 
alsoebe utilized by Salmonella and thiSecompetition signifi- 
cantly lowers the Hos production rate deapite the factor 
of 50, increase in cell population. in\aerobie experiments, 
it would seem-that* the oxygen aeration is an additional 
variable which must be specified if the quantity "reduction 


rate per unit cell!) ds tory besmeaningful. 
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The average rates of reduction per unit cell 


were as follows: 


Series Rate 
BShAn-1 ... Rate I .......1.14 x 10713mg S“/ce1l/nr. 
Pere it te a ee eae. 
Pe SE do ie eeeepee ae .4e.1.21 x 10743mg S7/cell/nr. 
Bae ee Pe elere 1.31 x 10748mg s*/cell/nr. 


for convenience, rates I and II of BSHAn-1 assume that the 
population did not change in the discontinuity. This has 
not been experimentally verified. These rates are much 
lower than those usually realized by workers with other 


microorganisms in reduction studies. 


Despite the fact that the mechanisms may be quite 
different, it is interesting to compare these results with 
those of Kaplan and Rittenberg (49) for sulphate reduction 
by Desulphovibrio desulphuricans. The following average 


k,/K, Valued are MObe0 1Or Varloue PedqucvioOn raves. 


Reduction Rate kK, /Kp 
gD Oetiese eal) Arh laa ete be 1.016 
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These fractionations and reduction rates were effected by 
a variety of experimental conditions. The results with 
Salmonella considered in this thesis are comparable with 


these results. 


As discussed on page 10, Harrison and Thode 
attempted to explain the isotope fractionation in the 
reduction of SO, by Desulphovibrio desulphuricans in 
terms of the underlying physiological events. According 
to their theory, the maximum realizable k,/Ko is equi- 
valent to that of the inorganic chemical reduction. This 
assumes that the isotope effect occurs only in the 8S-O 
bond breakage. The work of Kaplan and Rittenberg (48, 49) 
however realizes isotopic fractionations in excess of this 


theoretical limit. 


Further if the S-O bond breakage result were the 
maximum fractionation permissible in sulphite reduction, 
the value of k,/Ko should not exceed 1.025. In sulphite 
reduction by Desulphovibrio desulphuricans, a ky /K value 
of only 1.014 has been reported (48). On the other hand, 
reductionsof sulphite by Saccharomyces cerevisiae have 
realized k,/k, values as high as 1.041 (48) which is the 
same as the maximum realized with Salmonella in this 


spuady. 
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Considerable discussion has been given to ky/K5 
values of such magnitude (48). Possible explanations 
IiInelude a combination of two or more kinetic isotope 
effects where a pool of intermediate is built up and the 
possibility of near equilibrium conditions existing at 
Some step in the mechanism (Equilibrium isotope effects 


are generally higher than kinetic). 


One can presumably place an upper limit on the 
expected isotope effect on the basis of equation (10) 
developed in the theory. If the maximum limit is considered, 
then G(uy)Au, of the reactant refers to the sulphite ion 
and G(uz*) Au,” is zero (implying complete dissociation of 
the products). In equation (10) the symmetry numbers '!S! 
cancel as the molecules being considered contain only 
one atom of the element for which an exchange is being 


made. Uhe equation simplifies to: 


K/Ky = (my*/my*) 7? (1 + G(u) alu) 


Harrison and Thode (62) report the value of G(u)A(u) for 
sulphite ion as 0.068 and 0.059 at O°C and 25°C respectively. 
The quantity nae is evaluated by taking the ratio 
of the reduced masses of the two atoms being separated 


ang te>found, to be 1,010. This gives the maximum value of 
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k,/ky a8 1.079 and 1.070 at 0°C and 25°C respectively. 


a @nY Cases it 16 clear that a~bettenwunder- 
standing of the physiological processes is required to 


account for these large isotope effects. 


Reduction of Sulphate Study 


Attempts to reduce sulphate ion by Salmonella 
were not successful. In only one case after a very long 
time sufficient H5S was produced for analysis and the 
g3t /332 ratio was nearly the same as the isotopic composition 
of the SO, The product was so small that one can not 
rule Oue wie possibilivy of “Iit*arising from an imnpuricy in 
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